Introduction
Water generated by the melt of a shallow snow cover is an important component of the hydrological cycle of the Canadian Prairies. It can be viewed as having either detrimental or beneficial effects. On the one hand, because of such factors as the poor relief and drainage development of the region, the presence of frozen soils at the time of melt. and the rapid ablation of the snow cover, direct runoff from snowmelt can lead to serious flooding. erosion, and drainage problems. Conversely, snowmelt runoff provides a valuable "local" source of water for domestic. livestock. and irrigation purposes as well as a wildlife habitat. It is estimated that 80-85% of the average annual volume of runoff over much of the southern semi-arid region is derived from snow.
Water is generally cited as one of the main factors limiting agricultural production on the Prairies. Staple and Lehane (1954) and de Jong and Rennie (1969) have studied the interaction of water requirements and the yield of wheat reporting increases in the range of 200-40 kg/ha for each additional 25 mm of water above some base amount, e.g.. the average rainfall received during the growing season. Because the snow cover is the major manageable water resource of the region, disregarding major water diversions and irrigation, increasing interest is being given to maximizing the use of this resource to provide additional water for crop growth. Currently several stubble management practices, e.g.. alternate height stubble, high-low cutting, tall stubble, and leave strips (all of which involve variations in the height and pattern of cutting to form vegetative barriers to trap wind-transported snow) are being assessed as to their potential for increasing snow accumulation. The basic assumption underlying the use of these barriers is that an increase in snow-cover accumulation will lead to an increase in infiltration and therefore in soil water reserves available for plant growth.
To the writers' knowledge no simple, reliable method for describing the snow cover -runoff or infiltration interaction in the Prairie environment has been developed. At present most operational procedures for predicting or forecasting runoff or infiltration estimate these quantities by applying empirical runoff or volumetric loss coefficients to the snow-cover water equivalent or indirectly calculating the infiltration potential of an area from analysis of the recession characteristics of a streamflow hydrograph. The latter procedure is not applicable to a large expanse of the Prairie region because streams are "ephemeral" and flow only occurs following a rainfall or snowmelt event. That is, they are not incised deep enough to intersect the groundwater table. Because of the importance of the snowmelt-runoff and snowmelt-infiltration phenomena to many different water management agencies and to a large population of the region who depend, in one way or another, on snow as a water resource there is a practical need to quantify these interactions.
Review of factors affecting snowmelt infiltration
Infiltration to frozen soils involves the complex phenomenon of coupled heat and mass transfer through porous media; therefore, the process is affected by many factors. The most important include: the hydrophysical and thermal properties of the soil; the soil moisture and temperature regimes; the rate of release of water from the snow cover; and the energy content of the infiltrating water. In the absence of major structural deformations in a profile, e.g., cracks or other macropores, the major hydrophysical property of a frozen soil governing its ability to absorb and transmit water is its moisture content. This arises because of the reduction to the hydraulic conductivity caused by the constriction or blockage of the flow of water by the ice-filled pores and the effects of these pores on the tortuosity and lengthening of the flow paths and the distribution and continuity of the air-filled pores. The existence of an inverse relationship between infiltration and frozen soil moisture has been demonstrated or postulated by many investigators (Willis et al. 1961; Kuzik and Bezmenov 1963; Gillies 1968; Shipak 1969; Romanov et al. 1974; Motovilov 1979; Granger and Dyck 1980; Kane 1980) . Haupt (1967) and Harris (1972) have demonstrated the effect of different types of frost, as well as the number and orientation of connected macropores, on the absorption of meltwater.
The effect of the soil temperature regime on infiltration is less clear than that of soil moisture. Pan or all of the water entering a frozen soil whose temperature is below 0°C will refreeze. the amount being a function of the energy status of both the soil and water, the amount (mass) of free water available, and the energy exchange between the media. Refreezing is most probable in soils with poor infiltration characteristics that are frozen at a low temperature (high thermal energynegative). Mackay (1983) cited the work of a number of scientists confirming that the infiltration of water raises the ground temperature toward 0°C by the transport of sensible and latent heat. It is generally accepted. however. that the movement of water through capillary pores (as differentiated from large noncapillary pores) is only possible when the soil temperature is at its freezing point, but not below (Steenhuis et a/. 1977) .
Despite the complexity of the infiltration process into frozen soils, models have been developed to describe it. For example, Harlan (1972) developed a model of combined heat and moisture flow in frozen and freezing soils and Alexeev r t a / . (1972) presented equations describing infiltration into a frozen soil. These models and equations are difficult to solve and require detailed information of the hydrophysical and thermal properties of a soil; thus they cannot be applied directly for solving practical operational problems. However. they are useful to an understanding of the process and for evaluating the relative importance of different parameters affecting the process. At their present state of development they lend themselves more readily to analytical experiments. For example. Jarne ( 1978) used Harlan's model to calculate moisture migration to a freezing front in a study conducted on small soil cores in the laboratory. Motovilov (1978 Motovilov ( , 1979 ) adjusted Harlan's model to allow for the use of approximate hydrological and thermophysical characteristics of the soil, and applied his model specifically to infiltration into frozen soil. His numerical calculations allowed him to establish a relation between the amount of water in the upper 30 cm of the soil and the critical freezing depth at which a blocking layer forms in the soil under a constant average rate of water release from the snow cover. Although much progress has been made in modelling. infiltration into frozen soils must still be estimated from empirical relationships in solving extensive water management problems.
Experimental studies
From 1978 to 1983 a comprehensive field investigation of infiltration into frozen soils was undertaken by the Division of Hydrology. University of Saskatchewan. in the Brown and Dark Brown soil zones of Saskatchewan near Bad Lake, Flaxcombe, Kerrobert, Kindersley. Outlook, Portreeve, Richlea, and Saskatoon. Figure 1 shows the geographical location of these study areas in the province. Direct. in situ measurements of infiltration from snowmelt were made at 90 sites and represent a wide range of soil textures (sandy loam, -50% sand, to heavy clay, -63% clay), land use practices (fallow, grass. and stubble). and climatic conditions encountered on the arable farm lands of the Canadian Prairies.
Infiltration amounts were obtained from readings made throughout the snowmelt period using a twin probe density meter. This equipment measures the wet density of a soil (or the soil moisture content when the bulk density is known): therefore. readings taken on successive dates give the change in soil density (or soil moisture) in the interval. Each site consisted of two polyvinyl chloride (PVC) tubes (with an inside diameter of 5 cm and spaced 25 cm apart. installed vertically into the soil to a depth of 160 cm) which served as access tubes for the equipment. The measurement procedure involves lowering a 5 mCi (0.185 GBq) cesium source to a given depth in one tube and a scintillation detector to the same depth in the other. A 1 min count is then taken of the attenuated radiation received by the detector and stored in a portable solid state recorder. This procedure was repeated at 2 cm increments of depth throughout the profile. Complete details of the twin probe density meter and its use in soil density and soil moisture measurements are reported in numerous works (for example,
Mass snow-cover infiltration curves. Curve I: dry soil (-14% moisture by volume), deep snow cover, and variable rates of snowmelt; curve 2: dry soil (-18% moisture by volume), rapid melt of snow cover. and water ponds on surface: and curve 3: wet soil (-35% moisture by volume), rapid melt. and an ice layer forms at the soil surface early in the melt period. Jame and Norum 1980). As indicated above, profiles were obtained prior to, during, and immediately following the disappearance of the snow cover (before significant evaporation losses occurred). It should also be noted that the sites were located on landscapes that allowed drainage of surface runoff: that is, they were free from ponded water and did not receive major contributions from the drainage of surface water originating on adjacent areas. Soil moisture changes (infiltration) between successive dates of measurement were calculated from the density changes assuming the bulk density of the soil between the tubes remained constant and a density of water equal to 1000 kg/m3. The assumption that the dry density of a soil at a given depth remained constant was supported by the lack of visible frost heave at the surface and the absence of large variations in density readings over small increments of depth. For example, if a major ice lens formed in a profile one would observe a sharp decrease in density at that depth because the density of ice is less than that of soil. This characteristic was observed in readings taken in dry. plastic clays that cracked due to desiccation by the freezing action.
The bulk density and initial moisture profiles were established from a laboratory analysis of soil properties of cores (5.2 cm in diameter and 10 cm in length) taken from each access hole at the time the tubes were installed. These measurements provided the baseline data from which moisture conditions at the time of melt were calculated (using the measured soil density changes obtained with the twin probe density meter).
In addition to monitoring changes in soil density, measurements were made of the depth and density of the snow cover. Where possible these were taken throughout the accumulation period to the time of active snowmelt. Unfortunately. at some sites, because of logistics problems, it was impossible to continuously monitor the snow water conditions. For these sites, when a snowfall event occurred after the snow survey, the "on-site" measurements were updated or revised using The writers are aware of the inaccuracies that may accrue in the estimate of snow-cover water equivalent in this type of calculation and that originate mainly from the spatial variability in snowfall. In most cases, however, adjustments to the data were small relative to the total snow-cover water equivalent. Further problems arise in estimating water equivalent as a result of mixed rain and snow events, high wind speeds and snow transport (erosion and accumulation). condensation gains and sublimation losses. and lateral flow of meltwater through the snow cover.
Results and discussion

Mass infiltration curves
An examination of the mass infiltration curve (cumulative infiltration plotted with time) provides an overview of the similarities or dissimilarities of the entry of water to frozen and unfrozen soils. Figure 2 shows three curves representing different premelt soil moisture, snow cover, and melt conditions.
Curve 1 -Infiltration to a relatively dry soil (-14% moisture content by volume) resulting from the slow melt of a relatively deep snow cover (-50 cm). Infiltration is delayed by the movement and storage of meltwater in the snow cover. After the cover ripens, water is released almost continuously throughout the melt period. Infiltration occurs at variable rates with a trend for the rate to increase with time due to an increase in the melt rate and the thawing of the soil by the infiltrating water.
Curve 2-Infiltration to a relatively dry soil ( -18% moisture content by volume) caused by the rapid melt of a ripe snow cover and water ponds on the soil surface providing a reasonably constant supply. The maximum infiltration rate occurs early in the melt period with soil moisture storage requirements being satisfied after approximately 9 days of melt. After this time refreezing of water within the soil profile restricts the entry of water.
Curve 3-Infiltration to a relatively wet soil (-35% moisture content by volume) resulting from the rapid melt of a shallow snow cover; an ice layer formed at the soil surface and prevented infiltration until it thawed on the fifth day of melt. The amount of infiltration is low and the impervious ice layer impedes the entry of water. Figure 2 illustrates that the infiltration of snowmelt to frozen soil is not solely a function of soil properties but is strongly dependent on many other factors including the snowmelt rate. the water transmission and storage properties of the snow cover, and the presence of impermeable ice lenses on or within the soil profile. Because of the numerous factors affecting the phenomenon, snowmelt -infiltration curves may exhibit a multitude of different shapes. Similar findings were reported by Gray et al. (1970) whose discussion of the subject makes direct reference to the results of studies reported by Soviet scientists.
Interactions berween infiltration, snow-cover water equivalent, and frozen soil moisture
Field observations and the results of numerous research studies, both field and laboratory. support the proposition that the amount of infiltration during snowmelt varies directly with the snow-cover water equivalent and inversely with the frozen water content of the soil at the time of melt. These relationships plotted as scatter diagrams, using data recorded during the winters and melt periods from 1979 to 1983 inclusive, are shown in Figs. 3 and 4 , respectively. Figure 3 shows a general trend for infiltration (INF) to increase with snow-cover water equivalent (SWE); the trend is nonlinear, reflecting that frozen soils (uncracked) have a limited capacity to absorb water and the larger the snow-cover water equivalent the greater the losses to evaporation and runoff during the melt period. The wide scatter of the data can be largely attributed to differences in soil moisture and temperature regimes at the time of melt, differences in the seasonal ablation patterns, and inaccuracies in the estimates of snowcover water equivalent. Also marked on the diagram are measurements taken at sites where the soils were observed to be severely or heavily cracked. These conditions were common in heavy-textured clay soils subjected to continuous cropping FIG. 5 . Relationship between soil temperature immediately below an infiltration front and the volume of air-filled pores (effective porosity) of the soil layer immediately above the front. practices. Although one cannot verify the measurements of infiltration in cracked soils with the twin probe density meter because of the structural changes that have occurred, the results support field observations that soils in this condition can absorb large quantities of water. Infiltration may exceed the snowcover water equivalent because of direct contributions from the surface and interflow occumng to and through the cracks in response to potential gradients caused by differences in elevation. In the figure the two points marked as cracked located in the lower part at approximately 110 mm SWE exemplify the problem of obtaining representative soil moisture measurements for this soil condition. The access tubes at the two sites were located between the cracks in a heavily cracked field and showed very small amounts of infiltration from snowmelt; most of the meltwater entered the surrounding cracks and no significant runoff was observed from the field. Fields that are heavily cracked in the fall can be expected to infiltrate most of the available snow water; thus they favour the application of snow management practices for increasing soil moisture reserves in the spring. Figure 4 shows infiltration plotted with the average soil moisture content of the 0-30 cm soil layer, expressed as the relative degree of saturation, just prior to the occurrence of active snowmelt. Although the data exhibit considerable scatter, a trend for infiltration to vary inversely with the moisture content is evident. The soil layer, 0-30 cm (herein referred to as the "zone of infiltration"), was selected because numerous observations showed this to be a representative value of the depth increment in which most of the infiltrated water to "uncracked" Prairie soils was confined during the melt period. An analysis of data collected at 78 measurement sites showed that the depth of penetration ranged from 8 to 54 cm; the average for all sites was 26 cm with a standard deviation of 10 cm. These shallow depths can be attributed to refreezing of water as it moves through the frozen soil, thereby causing a blockage to flow. Similar findings have been reported in the Soviet Union by Motovilov (1979) who suggested the critical freezing depth at which a blocking (impermeable) layer forms in a frozen soil having an average water content of 115 mm in the 0-30 cm layer or higher. under a constant average rate of release of snow-cover water, was 30-40 cm. To support his findings Motovilov cited the works of Apollov et al . (1964) and the Instructions on Hydrological Forecasting (Anonymous 75. 1963 ); both are based on hydrological analyses of spring floods in river basins in the Soviet Union where it was observed "the soil is capable to absorb meltwater when frozen to a depth of 15-30 cm or less." Motovilov showed a rapid increase in the critical freezing depth of the blocking layer when the amount of water in the 0-30 cm layer was less than -I00 mm, a trend that could not be noted in our field observations. This discrepancy might be attributed to differences in the frozen soil moisture and temperature regimes and the cyclic pattern of snowmelt generated in the field. Likewise. Willis ef a / . ( 1 96 1 ) in the United States suggested that the amount of runoff (hence infiltration) may be governed to some extent by soil moisture conditions in the surface 30-45 cm.
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Also shown in Fig. 4 is the line representing 100% saturation of the zone of infiltration. It can be observed that infiltration results in saturation of the zone only in soils that are initially very wet (0, > 0.95). The trend is for drier soils to reach moisture levels much less than saturation. It is suggested that this occurs because dry, frozen soils contain a large number of air-filled micropores that are either initially blocked or become blocked with ice as water refreezes in the soil. The envelope curve, which defines the maximum amount of infiltration. can be approximated by the straight line INF (Max) = 100 ( 1 -8,) . This provides a simple yet useful method for estimating the infiltration potential when 8, is known. Figure 5 shows the soil temperature at the infiltration front plotted with the volume of air-filled pores (effective porosity) of the soil layer above the front. The data confirm the movement of water against low temperatures in soils with large effective porosities, as reported by Steenhuis ef a/. (1977) . They also suggest that the effects of soil temperature at the time of melt on infiltration may be secondary to those of effective porosity, which is inversely related to the frozen water content. That is. although temperature indexes the thermal capacity of a soil to refreeze water, the amount that is refrozen is primarily a function of the amount of water (0°C) available. Komarov and Makarova (1973) and Steenhuis et nl. ( 1977) stressed that the entry to and movement of water in frozen soils occurs mainly through large noncapillary pores (macropores). The latter suggested that in the absence of macropores infiltration of water was only possible when the soil temperature was at the freezing point. but not below. Also, Komarov and Makarova suggested that once a soil is frozen to a depth of 60 cm freezing to greater depths has no significant effect on meltwater infiltration. All data reported in this paper were recorded at sites where the frost depth was greater than 100 cm, and in many cases exceeded 160 cm. Meltwater was observed penetrating frozen soils having soil temperatures as low as -8°C.
The data given in Figs. 3 and 4 form the basis for the development of simple relationships for estimating the amount of infiltration. Figure 6 shows INF plotted against SWE for different ranges in the average "premelt" frozen soil water content of the zone of infiltration (8,). They illustrate that much of the scatter in the data of Fig. 3 can be accounted for by In r, differences in 8,. The scatter in Fig. 6 can be attributed primarily to variations in the distribution of frozen soil moisture within the zone of infiltration; e.g., a layer of soil of high frozen moisture content near the soil surface exerts a greater impeding action on the downward movement of water than if formed at a lower depth.
Several regression models were Fitted to the data and it was found that a simple power equation For 8, in the range 0.35-0.75. n does not vary widely and a weighted average n = 0.584 is suggested. The data in Table  1 show a trend for the exponent n of [ I] to decrease rapidly with an increase in 0, > 0.75 and suggest that for practical purposes the relation between INF and S W E for a given value of 0, > 0.75 may be taken as a constant; i.e.. INF = constant. One might rationalize this result on the assumption that frozen soils. on reaching a given level of saturation, tend to infiltrate water at approximately the same rate, a rate that is governed primarily by the downward movement of the 0°C isotherm. The increase in INF with increasing SWE and decreasing soil moisture is accounted for by the increase in the coefficient a (intercept with S W E = I ) or more precisely. the point at which the curve intersects the line showing INF = SWE. Summary a n d some practical applications The results have direct practical application to water management problems in which an estimate of snowmelt infiltration is required.
( l l Figure 7 and 121 provide simple means of predicting the amount of infiltration to a frozen soil based on SWE and 8,. At present. the ma.jor limitation to the use of these relationships is that of obtaining an accurate estimate of 0, . Gray et ul. (1983) showed that moisture samples taken in the fall cannot always be accepted as good indicators of the soil moisture status at the time of snowmelt because of changes that may occur in the regime during winter as a result of the exchanges of moisture at the soil, snow, or air interfaces and the movement of water within the soil profile caused by freezing.
(2) The data show a decrease in the rate of increase of INF per unit increase in SWE with increasing SWE for the values of 0, < 0.75: when 0, : > 0. 75 . INF tends to be relatively independent of SWE. In most cases, the malor amount of infiltration appears to occur with a snow-cover water equivalent of less than 70 mm. Under average field conditions this would correspond to a depth of snow cover of approximately 30 cm.
(3) Infiltration of snowmelt to an uncracked frozen Prairie soil is governed primarily by the amount and distribution of ice in the depth increment 0-30 cm, the zone of infiltration. at the time of melt. Most of the meltwater infiltrating the soil is retained within the zone. Because of these characteristics. soils that differ significantly in texture and land use, but have similar moisture regimes at the time of melt. show similar amounts of snowmelt infiltration. The primary influence of soil texture on infiltration is its effect on the number and distribution of noncapillary pores in the zone of infiltration. It is postulated, however, that ma.jor increases in the macropore content of the zone are needed to produce significant increases in snowmelt infiltration. Land use is important to the process as it influences the depth of snow-cover accumulation and the soil moisture content at the time of freeze up; e.g.. a fallow land is usually much wetter than a stubble. The relatively weak association between infiltration to frozen soil with texture and land use is in contrast with that found in unfrozen soils in which soil texture and morphology and vegetative cover are major factors governing the process. The fact that infiltration to frozen soil is directly related to the "effective" or "air-filled" porosity of the zone of infiltration suggests that significant increases in the amount of infiltration with increased snow-cover accumulation will only occur by increasing the noncapillary porosity or number of macropores in the zone. That is. major benefits in terms of soil water augmentation from snow management practices will only accrue when these practices are used in combination with some manipulation, mechanical or other. that will allow water to enter the surface and to percolate to depths greater than -30 cm.
( 4 ) The results suggest a simple algorithm for describing the snowmelt infiltration in hydrological models. Conceptually the phenomenon can be viewed as water filling reservoirs whose capacities to absorb and store water depend on the soil moisture storage and (or) the water transmission properties of the zone of infiltration at the time of melt. This approach is similar to that described by Popov ( 1972), which is used in long-range forecasting of spring flood runoff for lowland rivers in the Soviet Union, and in which soils in a watershed are grouped into two classes in accordance to the degree of soil permeability or ability to absorb water: (a) the capacity type-a soil is
